Abstract -We characterize the magnetic domain structure of Co/Pt multilayer films on length scales below one hundred nanometers using resonant magnetic scattering and magnetic force microscopy. The extreme ultraviolet light for the scattering experiment is created by a laserbased high-order harmonic generation source. After illumination with intense ultrashort infrared laser pulses, we observe pronounced changes in the magnetic structure and morphology. This study points out the importance of a detailed analysis of the different laser-induced modifications of a magnetic thin film that influence the scattering patterns.
A detailed understanding of the static and dynamic behavior of magnetic domains is essential for both fundamental research and for applications in spin electronics. Exploring magnetic structures, especially magnetic domain dynamics on nanometer length scales with femtosecond temporal resolution is particularly interesting. However, such studies require an ultrashort-pulse light source with a short wavelength and a sufficient photon flux. Very recently, ultrashort synchrotron X-ray pulses produced by femtosecond slicing [1, 2] , free-electron lasers [3] and tabletop high-order harmonic generation (HHG) light sources [4] [5] [6] [7] opened the door for such dynamical studies with the additional benefit of element selectivity. To date, only a few experiments have been able to resolve magnetic domain dynamics both temporally and spatially, with femtosecond and nanometer precision [3, [8] [9] [10] . While large-scale synchrotrons and free-electron lasers can produce X-rays with a high radiant power, laser-based tabletop HHG sources have demonstrated an increasing ability of generating fully coherent short wavelength radiation up to the soft X-ray region of the electromagnetic spectrum with pulse durations in the femtosecond-to-attosecond regime [11] . Moreover, phase matching of circularly polarized high harmonics has recently been demonstrated, which are bright enough for measurements of X-ray magnetic circular dichroism [12] . Furthermore, HHG sources have been used in a variety of imaging experiments, using zone plates [13] and lensless coherent imaging [14, 15] , thereby paving the way for element-specific investigations of magnetic phenomena on their fundamental time and length scales.
In this work we employ resonant magnetic scattering (RMS) driven by a HHG source to map the magnetic domain pattern in reciprocal space. Co/Pt multilayer films are studied before and after illumination with intense ultrashort infrared laser pulses. We analyze the impact of this exposure on the magnetic domain pattern, as well as on the sample morphology, employing magnetic force microscopy (MFM) and we compare our findings with the observed RMS patterns. Moreover, we show that the laserillumination causes permanent as well as reversible modifications of the domain structure.
The interaction between 3d ferromagnets and photons with energies corresponding to the M 2,3 -absorption edges, i.e., 53 eV (Fe), 60 eV (Co) and 68 eV (Ni), results in a resonant enhancement of the magneto-optical effects, enabling studies of magnetic properties with element selectivity [16, 17] . In resonant scattering experiments using either XUV light or X-rays, both the sample morphology and the magnetic domains contribute to the measured signal. The magnetic contrast originates from magnetic circular dichroism, which is sensitive for the magnetization component in beam direction, i.e., perpendicular to the sample plane [18] [19] [20] . Figure 1 shows the schematics of the experimental setup. XUV light is generated by focusing ultrashort laser pulses (Dragon laser amplifier, KMLabs, 2 mJ per pulse, 3 kHz, pulse width 35 fs, central wavelength 780 nm) into a glass capillary filled with neon gas [21] . The lasergenerated XUV radiation (43-72 eV) is then separated from the laser light by two 150 nm thin aluminum filters. Due to the high absorption of the XUV radiation in air, all components after the capillary are mounted inside vacuum chambers that are evacuated to 10 −5 mbar. The XUV beam is reflected from a pair of Bragg mirrors (Mo/Si multilayers) that serve as monochromators to select the 39th harmonic order (62 eV), which is within the M 2,3 -absorption edge of Co [22] . The first Bragg mirror, curved with a radius of 1 m, focuses the beam to a spot of approximately 50 µm in diameter at the sample plane. After passing through the sample, the transmitted beam is blocked by a metallic wire, while the scattered XUV light is recorded by a charge coupled device (CCD) camera (Andor iKon-L, 2048 × 2048 array of 13.5 × 13.5 µm 2 pixels).
We investigate magnetron sputtered Pt(5 nm)/ [Co(0.8 nm)/Pt(1.2 nm)] 8 /Pt(1.6 nm) multilayer films, which exhibit a canted easy axis of magnetization [23, 24] . The substrate is a 50 nm thick Si 3 N 4 -membrane, supported by a Si frame. Figures 2(a) and (b) show the surface morphology obtained by atomic force microscopy (AFM) and the magnetic domain structure measured with MFM for an as-grown sample (B1). This specimen reveals a maze-like domain pattern for the out-of-plane component of magnetization with an average domain size of about 100 nm. It has been demonstrated that the magnetic properties, including the domain size, of Co/Pt multilayer films can be modified by the implantation of Ga ions [25, 26] . In addition, the influence of intense XUV pulses on the magnetic domain structure and on the resonant scattering mechanism has been studied thoroughly using free-electron lasers [20, 27, 28] . In the here presented study we analyze alterations of the domain pattern induced by infrared laser pulses. per pulse at the sample. As we discuss in the following, the laser illumination of sample B2 results in several pronounced effects. First, the AFM image demonstrates that laser-ablated material re-deposits onto the sample surface in the form of nanometer-sized droplets ( fig. 2(c) ) [29] [30] [31] . Please note that the used laser fluence is close to the threshold of laser ablation, as it has been reported for other materials. However, accumulation effects due to repeated heating may contribute to the observed structural changes [32] . Furthermore, the domain structure has been modified ( fig. 2(d) ), resulting in a mixture of large (≈ 1 µm) and small domains (≈ 100 nm). Moreover, three different contrast levels appear in the MFM image, suggesting the formation of a more complex magnetization pattern due to the canted easy axis of the film. However, the highly non-equilibrium transient state of the sample during laser exposure, resulting in the observed MFM image, is not yet understood. Note that figs. 2(c) and (d) have been measured on the sample frame next to the membrane window, supporting the heat dissipation, so that the sample degeneration is reduced compared to the window region. This position is marked with a black cross in an optical microscope image ( fig. 3(a) ), which shows as well laser-induced membrane wrinkling and a permanent laser imprint. The energy density profiles of the impinging laser light, shown in fig. 3(b) , have been measured by placing the CCD detector at the sample plane.
Recently, it has been demonstrated that irreversible modifications of the magnetic anisotropy can be created by femtosecond laser pulses of comparable energy densities [33] . In order to study the reversibility of the observed laser-induced modifications, sample B2 was saturated in an out-of-plane oriented magnetic field of 300 mT and again inspected at zero field with MFM. At the center of the laser imprint (at the white cross in fig. 3(a) ) no magnetic contrast is detected. At the fringe of the imprint (yellow cross) we find a worm-like domain pattern with domain sizes of about 300 nm ( fig. 3(c) ).
The larger domain size indicates a permanent laser-induced enhancement of perpendicular magnetic anisotropy, an effect that has already been observed in ref. [33] . On the frame of the sample (black cross) a domain pattern with a domain size of approximately 100 nm is observed ( fig. 3(d) ), which is similar to the domain size of the as-grown sample B1. The MFM images demonstrate that the intense laser illumination has a permanent fluence-dependent impact on the magnetic domain structure that may be caused by laser sputtering, alloying, melting or interdiffusion (figs. 2(b) and (c)). Remarkably, the magnetic field can revert the laser-induced changes in the magnetic structure ( fig. 2(d) ), observed next to the visible laser imprint, and recreate a domain pattern similar to the as-grown state ( fig. 3(d) ). Studying ultrafast demagnetization with laser intensities close to the sample ablation threshold can potentially elucidate which dynamical processes lead to the formation of the complex domain pattern shown in fig. 2(d) . Our RMS measurements of the two samples, which are presented below, demonstrate the feasibility of studying these processes by employing tabletop HHG beams. The RMS images of the samples B1 and B2, integrated over an exposure time of 30 min, are shown in figs. 4(a) and (b). The signal-to-noise ratio has been enhanced by subtracting a dark image. For the RMS data from sample B1 we have applied a median filter over three neighboring pixels. Comparing these two measurements, it is apparent that the scattering patterns differ substantially. As shown in fig. 4(a) , sample B1 scatters the XUV light into a ring, while sample B2 scatters the photons into a filled circle with a much smaller diameter ( fig. 4(b) ). The RMS pattern from sample B2 was measured directly after the laser illumination and the scattering pattern is independent of the beam position of the XUV probe spot on the 500 µm wide window, indicating a homogenous distribution of the scattering centers over the membrane. The radially integrated intensity derived from the RMS images is plotted in fig. 4(c) . For a better comparison, both curves are normalized to their maximum intensity. The momentum transfer vector, Q,i sc a l c u l a t e db yQ = 
), where λ denotes the wavelength, r is the radial distance to the directly transmitted beam in the scattering image and D is the distance between the camera and the sample, in this case 7 cm. The momentum transfer vector is defined by Q =2 π/d,w h e r ed denotes the average distance between the scattering centers, i.e., the domain periodicity for a magnetic structure. For sample B1 (black curve) the radially integrated signal exhibits a peak centered at 0.035 nm −1 , corresponding to an average periodicity of 180 nm. Assuming the same size for the antiparallel oriented domains, this implies an average width of the domains of about 90 nm. This result matches very well with the average domain size of 92 nm extracted from the radial integration of the squared magnitude of the Fourier transformed MFM image, which displays a peak at 0.034 nm −1 (red curve). The peak position has been determined using Gaussian fits, yielding similar values of the FWHM for the RMS (0.034 nm −1 ) and the MFM (0.031 nm −1 ) data. Taking into account the measurement uncertainty in the lateral resolution of the MFM (e.g., due to the fringing fields between MFM-tip and the sample surface) and the spectral bandwidth of the HHG source, RMS and MFM measurements are in very good agreement regarding the average domain size and the corresponding size distribution.
The MFM image of sample B2 taken after the laser exposure (but before applying an external field) exhibits much larger domains compared to B1 ( fig. 2) , which is expected to result in smaller momentum transfer vectors, in case similar magnetic structures are also created within the membrane window. The scattering curve indeed reveals that a large part of the scattered light is distributed close to the 0th diffraction order (blue curve). The intensity maximum is apparently hidden underneath the beam block, i.e., it is located at a Q value smaller than 0.008 nm −1 , implying that the average distance between the scattering centers is larger than 785 nm. We note that the XUV flux before the sample reaches 3×10 7 photons per second and the ratio of scattered to incoming photons is estimated by 2 × 10 −5 and 2.1 × 10 −4 for B1 and B2, respectively. Consequently, for sample B2, the scattering probability is one order of magnitude larger compared to sample B1, which hints at a different origin of the observed scattering pattern.
To identify the scattering source, the RMS measurement of sample B2 was repeated in an out-of-plane magnetic field of 300 mT, introducing a single-domain state. Nevertheless, the scattering image was identical to the signal detected before applying the external field. The latter observation excludes the possibility that the scattering pattern is of magnetic origin. On the other hand, the AFM image ( fig. 2(c) ) suggests that the generated droplets, which modify the morphology of the specimen, are responsible for the observed increase of the scattering intensity, as well as for the change in the radial distribution. The average distance between these droplets is on the micrometer scale, which agrees with the lower limit approximation of 785 nm, measured with the XUV-light scattering experiment. Our results show that pump-probe investigations of the temporal evolution of the domain pattern with intense pump pulses will require a precise tuning of the laser power to avoid the generation of such nonmagnetic scattering effects.
In summary, we have analyzed the magnetic structure and morphology in Co/Pt multilayer films employing AFM, MFM and resonant magnetic scattering (RMS). We found that the XUV light generated by 2 mJ laser pulses can be successfully applied for the characterization of a randomly arranged predominantly out-of-plane domain pattern on the scale below 100 nm. We ascribe the observed scattering patterns to the magnetic structure as well as to morphology changes, caused by the exposure with ultrashort infrared laser pulses, reaching a fluence of 0.2J/cm
2 . Our MFM analysis shows that magnetic modifications are partially reversible. Nevertheless, the permanent morphology changes contribute substantially and must be taken into account in interpretation of the scattering images. * * * 
